The aging process is often paralleled by decreases in muscle and increases in fat mass. At the extreme these two processes lead to a condition known as "sarcopenic obesity" (Roubenoff R. Ann NY Acad Sci 904: 553-557, 2000). Research suggests that inflammatory cytokines produced by adipose tissue, especially visceral fat, accelerate muscle catabolism and thus contribute to the vicious cycle that initiates and sustains sarcopenic obesity. We tested the hypothesis that obesity and poor muscle strength, hallmarks of sarcopenic obesity, are associated with high circulating levels of proinflammatory cytokines in a random sample of the residents of two municipalities in the Chianti geographic area (Tuscany, Italy). The study sample consisted of 378 men and 493 women 65 yr and older with complete data on anthropometrics, handgrip strength, and inflammatory markers. Participants were cross-classified according to sex-specific tertiles of waist circumference and grip strength and according to a cut point for obesity of body mass index Ն30 kg/m 2 . After adjusting for age, sex, education, smoking history, physical activity, and history of comorbid diseases, components of sarcopenic obesity were associated with elevated levels of IL-6, C-reactive protein, IL-1 receptor antagonist, and soluble IL-6 receptor (P Ͻ 0.05). Our findings suggest that global obesity and, to a greater extent, central obesity directly affect inflammation, which in turn negatively affects muscle strength, contributing to the development and progression of sarcopenic obesity. These results suggest that proinflammatory cytokines may be critical in both the development and progression of sarcopenic obesity. sarcopenia; central obesity; proinflammatory cytokines AGING is accompanied by changes in body composition characterized by a relative decline of muscle mass (1) and an increase in fat mass (23). In certain individuals, these changes are extreme and produce a combination of substantial overweight and muscle weakness, a condition recently termed "sarcopenic obesity" (33). Previous research on sarcopenia has focused largely on factors affecting loss of muscle mass, without adequately considering gains in fat mass. However, studies addressing the relationship between changes in body composition and physical function in older individuals have found that both reduced lean body mass and increased fat mass contribute independently to mobility impairment (40). These findings are consistent with the notion that one of the main causes of mobility disability in older persons is a decline in strength to a level that becomes inadequate to support the efficient locomotion of a disproportionately high body mass.
sarcopenia; central obesity; proinflammatory cytokines AGING is accompanied by changes in body composition characterized by a relative decline of muscle mass (1) and an increase in fat mass (23) . In certain individuals, these changes are extreme and produce a combination of substantial overweight and muscle weakness, a condition recently termed "sarcopenic obesity" (33) . Previous research on sarcopenia has focused largely on factors affecting loss of muscle mass, without adequately considering gains in fat mass. However, studies addressing the relationship between changes in body composition and physical function in older individuals have found that both reduced lean body mass and increased fat mass contribute independently to mobility impairment (40) . These findings are consistent with the notion that one of the main causes of mobility disability in older persons is a decline in strength to a level that becomes inadequate to support the efficient locomotion of a disproportionately high body mass.
The combination of low muscle strength and mass and obesity may be particularly deleterious because of its possible association with a proinflammatory state. Adipocytes actively secrete leptin and proinflammatory cytokines (25, 30) , both of which stimulate muscle catabolism (6, 21, 34) and thus activate a vicious cycle leading to accelerated sarcopenia, additional weight gain largely in the form of fat, and, ultimately, physical disability.
Consistent with this hypothesis, elevated levels of proinflammatory cytokines are associated with global obesity (3, 7, 22) and central obesity (26, 42) and have been shown to predict accelerated decline of muscle strength and increased risk of disability and mortality in older individuals (8, 15, 19, 28) . However, to our knowledge, no studies have directly compared circulating levels of inflammatory markers in individuals with varying degrees and combinations of sarcopenia and obesity. In this study, using data from a representative population, we tested the hypothesis that older persons with high body mass index (BMI) and/or waist circumference and low muscle strength are characterized by a proinflammatory state revealed by high circulating levels of proinflammatory cytokines.
METHODS
The present study used data from the "Invecchiare in Chianti" (Aging in the Chianti Area, InCHIANTI) study, a prospective population-based study of older people designed by the Laboratory of Clinical Epidemiology of the Italian National Research Council of Aging (INRCA), Florence, Italy. The InCHIANTI Study is a representative epidemiological study performed in Greve in Chianti and Bagno a Ripoli, two small towns in the Tuscany region of Italy. In 1998, 1,270 persons 65 years or older were randomly selected from the population. Of these, 378 men and 493 women had complete data for the present analyses. The study design was approved by the Italian National Institute of Research and Care on Aging Review Board and has been reported elsewhere (13) .
Muscle strength. Grip strength was measured with a handheld dynamometer (hydraulic hand BASELINE; Smith and Nephew). Participants were asked to perform the task twice with each hand, and the maximum strength attained during the four trials was used for the present analyses. Although lower extremity muscle strength was measured in the InCHIANTI study, it was not used in this study because it was not available for the weakest and frailest participants. Additionally, in a previous study we demonstrated that handgrip and lower extremity muscle strength are similarly associated with lower extremity function (24) .
Anthropometric measures. Height and weight were measured at the study clinic, and BMI was calculated as weight (in kg) divided by the square of height (in m). Waist circumference was measured to the nearest 0.5 cm by using a nonelastic plastic tape, with the participant standing upright, at the midpoint between the lower rib margin and the iliac crest (normally umbilical level).
Physical activity measures. On the basis of responses to a standardized questionnaire administered during the home interview, participants were assigned to one of three categories of physical activity during the previous 12 mo. Data on current physical activity level were collected by asking participants to specify the type of each physical activity, the number of months performed, the number of times per month, and the number of minutes per exercise bout. Using these responses and the physical activity conversion tables, participants were classified according to recommendations by the U.S. Department of Health and Human Services, as reported previously (39): 1) sedentary, including participants who were completely inactive and those who performed light-intensity physical activity [i.e., walking, dancing; Յ4 metabolic equivalents (METs)] less than 1 h/wk; 2) moderately active, including participants who performed light-intensity physical activity 2-4 h/wk; 3) highly active, including participants who performed at least light physical activity 5 h/wk or more and those who performed moderate physical activity (i.e., gymnastics, swimming; Ͼ4 METs) 1-2 h/wk or more.
Inflammatory markers. Blood samples were obtained from participants after a 12-h fast and a 15-min rest period. Aliquots of serum and plasma were immediately obtained and stored in a deep freezer at Ϫ80°C and were subsequently used for assessment of cytokines. Assays were done in duplicate for all cytokine measures and were repeated if the second measure differed by Ͼ10% from the first. The average of the two measures was used in the analyses. A detailed description of the sampling procedure and data collection method has been previously published (13) .
Serum IL-6, soluble IL-6 receptors (sIL-6r, 80 kDa), IL-1 receptor antagonist (IL-1ra), and tumor necrosis factor (TNF)-␣ were measured in duplicate by high-sensitivity enzyme-linked immunosorbent assays (ELISA) (BIOSOURCE, Camarillo, CA). The lowest detectable concentrations were 0.10 pg/ml for IL-6, 8.00 pg/ml for sIL-6r, 4.00 pg/ml for IL-1ra, and 0.09 pg/ml for TNF-␣. The interassay coefficient of variation was 4.5% for IL-1ra and 7% for IL-6, sIL-6r, and TNF-␣. Serum IL-18 levels were measured in duplicate using highly sensitive quantitative sandwich assays (Quantikine HS, R&D Systems, Minneapolis, MN). The lower limit of detection for this test was 0.70 pg/ml, and the interassay coefficient of variation was 7%.
High-sensitivity C-reactive protein (CRP) was measured in duplicate using an ELISA and colorimetric competitive immunoassay. The minimum detectable concentration was 0.03 mg/l, and the interassay coefficient of variation was 5%.
Statistical analyses. Descriptive values are given as means (SD). For analytical purposes, central obesity was defined as being in the upper sex-specific tertile of waist circumference, global obesity as having a BMI Ͼ 30 kg/m 2 , and poor muscle strength as being in the lowest sex-specific tertile of grip strength. Participants were then cross-classified according to these three dichotomous variables into eight groups as illustrated in Fig. 1 . Division into tertiles of muscle strength allows for the exploration of sarcopenic obesity across the entire spectrum of strength and not only limited to the small number of individuals that, in the InCHIANTI population, had a standard definition of sarcopenia (2 SD below the population mean for strength).
Since plasma levels of inflammatory markers were not normally distributed, analyses were performed using log-transformed values, which were then back-transformed for data presentation. Linear regression models were used to estimate mean values of TNF-␣, IL-6, s-IL-6r, IL-1ra, IL-18, and CRP across the eight groups defined by cross-classification of participants according to BMI, waist circumference, and muscle strength as described above. These values were adjusted for group differences in age, sex, education, smoking history, physical activity, and history of comorbid diseases, including diabetes mellitus, hypertension, myocardial infarction, stroke, and heart failure. In addition, adjusted logistic regression models were fitted to the data to test the hypothesis that sarcopenia and obesity are associated with increased likelihood of having IL-6 Ͼ 2.5 pg/ml or CRP Ͼ 3.0 mg/l on the likelihood of having Il-6 Ͼ 2.5 pg/ml or CRP Ͼ 3.0 mg/l. Finally, structural equation modeling (20) was used to further examine interrelationships among age, sex, physical activity, BMI, waist circumference, strength, and proinflammatory markers, according to a predefined interpretative model, which is shown in Fig. 3 . All analyses were performed using the SAS statistical software version 8.2 (SAS Institute, Cary, NC), except the structural equation modeling that was implemented via the program R under the terms of the Free Software Foundation's GNU General Public License.
RESULTS
Participant characteristics are shown in Table 1 . The mean age of the sample population was 74.0 yr (SD 7.1), and 56.6% of the participants were women. Figure 2 shows the mean values of the six inflammatory markers for the eight groups identified by a combination of measures of body composition and strength, adjusted for age, sex, education, smoking history, comorbidities, and physical activity. In models predicting the different inflammatory markers, we found no significant sex ϫ age, sex ϫ BMI, sex ϫ waist circumference, or sex ϫ strength interactions. Therefore, all subsequent analyses were performed in men and women combined.
In general, BMI and waist circumference were positively and muscle strength negatively associated with proinflammatory cytokines, but there was specificity of effect across different inflammatory markers (Fig. 2) . Global obesity, central obesity, and low muscle strength had an additive effect on CRP levels, with a significant synergistic effect for global obesity with central obesity. Regardless of global obesity status, participants with both central obesity and poor muscle strength had higher IL-6 levels. Similar to IL-6, levels of sIL-6r were highest in individuals with both central obesity and low strength. Only global obesity had an effect on levels of IL-1ra, with no effect of strength.
TNF-␣ levels were essentially similar across the eight groups, with no substantial differences according to global obesity, central obesity, or muscle strength (Fig. 2) . For IL-18, participants with obesity and central obesity tended to have higher serum levels, but differences were not statistically significant (Fig. 2) . Figure 3 depicts the proposed structural equation model of the overall relationships between age, BMI, waist circumference, grip strength, and inflammation. Briefly, the model includes standardized coefficients for each relationship in the analysis, and each coefficient represents the change that occurs in the variable at the arrowhead for each SD change in the variable at the tail of the arrow. The arrows represent the proposed direction of the path relationships, consistent with our a priori hypotheses. In the proposed model, inflammation is a latent variable composed of individual components, i.e., individual inflammatory markers that have common characteristics. The advantage of using this approach is that the models allow for addressing the common features between individual inflammatory markers, which can be lost by examination of each marker alone. To evaluate the proposed model, we compared the covariance matrix that resulted from the model to the covariance matrix of the actual data. Because the 2 test was nonsignificant ( 2 ϭ 64.8; df ϭ 27, P ϭ 0.41), indicating that the proposed model adequately explained the underlying covariance matrix of the data, this model was accepted. Values are means (SD). BMI, body mass index; CHD, coronary heart disease; CHF, congestive heart failure; Greve, Greve in Chianti, Tuscany, Italy.
As shown in Fig. 3 , age appears to have a positive association with inflammation. Additionally, our specified structural equation model is consistent with the presence of a direct effect of waist circumference on inflammation. Our model also suggests the presence of a direct inverse effect of BMI on inflammation but also a separate direct effect on individual inflammatory markers such as IL-1ra, CRP, and IL-18. Together, the effects of waist circumference and BMI on inflammation and individual inflammatory markers suggest a more complex relationship between central and global obesity and inflammation, not addressed in the model. Finally, according to our model, inflammation has a direct inverse effect on grip strength.
DISCUSSION
Confirming the finding reported by Cesari et al. (9) in participants in the TRAIN Study, we found that obesity is associated with high circulating levels of inflammatory markers. Specifically, sarcopenic obesity is associated with elevated levels of CRP, IL-6, and sIL-6r, and obesity is associated with elevated levels of IL-1ra. Our study points out that the distribution of the fat mass is also important and that central obesity is more proinflammatory than generic obesity. This is consistent with previous work demonstrating that visceral fat produces more proinflammatory adipokines than subcutaneous fat (16) . In addition, we found a significant effect of muscle strength in the models predicting CRP and sIL-6r and significant interactions between central obesity and strength for models predicting IL-6 and sIL-6r. Thus our findings provide evidence that central obesity may negatively affect muscle strength through the upregulation of proinflammatory cytokine production and stimulation of the IL-6 pathway, which is consistent with previous work that has demonstrated that higher levels of IL-6, along with CRP (37), are associated with lower muscle strength or mass and mobility disability in older individuals (14, 37, 41) .
An alternative hypothesis is based on recent experimental data suggesting that IL-6 may have both inflammatory and anti-inflammatory properties. Thus increased IL-6 levels may be compensatory to some other inflammatory or noninflammatory biological processes that are primarily responsible for the reduction of muscle strength. Ultimately, only intervention studies testing the effect of compounds that interfere with the IL-6 signaling pathway in the prevention and/or reversal of -1ra) , soluble IL-6 receptor (sIL-6r), IL-18, and TNF-␣ across the 8 cross-classified groups (adjusted for group differences in age, sex, education, smoking history, physical activity, and history of comorbid diseases including diabetes mellitus, hypertension, myocardial infarction, stroke, and heart failure). sarcopenia can address this issue. Previous reports have found obese individuals have elevated levels of inflammatory markers. This appears to follow directly from the secretion of proinflammatory cytokines (25) and indirectly from the secretion by adipose tissue of leptin, which may directly stimulate the production of CRP independent of cytokines produced by adipose tissue in older adults (5) . Individuals with central obesity appear to be particularly prone to inflammation. In a recent report, inflammatory markers were more strongly associated with central obesity, as indicated by a large waist circumference, than with global obesity (26) .
A possible mechanism by which inflammation may contribute to sarcopenia is through the direct catabolic effect of cytokines on muscle mass (34) . Specifically, there is substantial evidence in both animal and human studies that high levels of IL-6 inhibit the anabolic effects of IGF-I on muscle (10, 35, 36) , and that high levels of IL-6 and low levels of IGF-I contribute synergistically to impaired mobility (8) , presumably through the acceleration of sarcopenia. IL-6 and other cytokines may also induce insulin resistance (32) , which has been suggested as a significant contributing factor to sarcopenia (18, 29) . Another possible mechanism, apoptosis, has been linked to sarcopenia in animal models (11) , and it has been suggested that TNF-␣ and other cytokines could stimulate apoptosis in muscle cells (32) . The lack of a significant finding for TNF-␣ is potentially due to a measurement problem: circulating levels of TNF-␣ are very low and the half-life of TNF-␣ is very short. The lack of significant finding for IL-18 is not clear, nor is the lack of effect of strength on IL-1ra. At the molecular level, IL-1ra is a natural antagonist of the proinflammatory cytokine IL-1, and in animal models of chronic inflammation, the administration of IL-1ra prevents tissue damage (2) . Despite this, as a circulating biomarker, IL-1ra is considered an acutephase protein and a more reliable measure of proinflammatory state than IL-1 (4). Similar triggers induce the production of IL-1 and IL-1ra, but IL-1 is produced locally, and only small quantities are released in the serum, whereas IL-1ra is produced by the liver in large quantities and fully released in the circulation (17) . Thus the fact that in our data IL-1ra appear to be inflammatory markers is not completely surprising.
It is difficult to comment on whether the difference in inflammatory markers related to obesity and sarcopenia are clinically relevant. However, using logistic regression analysis we found that both central obesity and sarcopenia were associated with a significantly higher likelihood of having levels of IL-6 above those associated with clinical risk (Ͼ2.5 pg/ml) and that both central and global obesity were associated with the likelihood of having Ͼ3.0 mg/l for CRP (with a nonsignificant trend for the effect of muscle strength) (14, 31). To our Fig. 3 . Proposed final structural equation model for the relationships between age, obesity, central obesity, inflammation, and poor muscle strength. Inflammation is represented by a latent variable (ellipse), which expresses the common relationships between the 6 inflammatory markers. Each variable in the model has a series of arrows that reflect the direction of the a priori proposed relationship between the variables. Path coefficients are standardized and represent the change that occurs in the variable at the head of an arrow for each SD change in the variable at the tail of the arrow. The inflammation latent variable is similar to a factor that is derived during confirmatory factor analysis. It represents the shared variance that exists between the 6 inflammatory markers that are included in the model. All the markers contribute to the variable proportionately to their path coefficient.
knowledge, there are no established diagnostic values for the other four inflammatory markers.
The primary limitation of this study is the cross-sectional design. Even though our analyses, especially the structural equation model, suggest that high proinflammatory cytokines lead to low muscle strength, a mechanism of reverse causality cannot be excluded, and sarcopenia could be viewed as a risk factor for the development of a proinflammatory state. Furthermore, our proposed structural equation model adequately explained the underlying covariance matrix of the data, and the proposed relationships it contains are supported by evidence from previous research. However, it is not the only plausible model. Thus our hypothesis requires further testing in the context of appropriately designed longitudinal studies. Specifically, it would be useful to examine whether gains in waist circumference and/or BMI precede increases in proinflammatory cytokine levels and loss of muscle mass and strength.
Another potential limitation concerns the use of waist circumference as a measure of central obesity. This probably has a small effect, however, since waist circumference has been found to be robustly correlated with measures of visceral adiposity derived from computerized tomography (38) . Use of handgrip strength to assess sarcopenia constitutes another minor limitation. Nevertheless, age-related sarcopenia is a generalized phenomenon, and handgrip strength has demonstrated value as a measure of overall strength and predictor of functional limitation in older persons (27) .
In sum, study findings indicate that proinflammatory cytokines play a key role in the development of sarcopenic obesity and potentially contribute to a process by which sarcopenic obesity leads to diminished mobility. The age-related proinflammatory state of aging and obesity may prove to be a critical target of intervention. If inflammation can be blocked, either pharmacologically, or through the apparent anti-inflammatory (12, 30) and established body composition effects of exercise, the progression of sarcopenia could be attenuated as well.
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